I
n biological systems, transmembrane and biomotor channels play critical roles in all aspects of life, such as regulating the traffic of macromolecules and ions into and out of nuclei, organelles, and cells; segregating chromosomes; and translocating and transporting single-or doublestranded DNA. 1À5 In bacterial virus phi29, with the aid of an ATP-driven motor, doublestranded DNA (dsDNA) viruses package their genome into preformed protein shells called procapsids. 6, 7 The motor consists of the protein enzyme gp16, which functions as a part of ATPase, six copies of packaging RNA (pRNA), 8À11 and a central protein core called a connector. 12, 13 The connector is composed of 12 protein subunits that encircle to form a dodecameric channel, which enables dsDNA to translocate into the procapsid of the phage and exit during maturation and infection. 6À9 The crystal structure of the phi29 connector was determined at atomic resolution. 13 The ring is 13.8 nm at its wide end and 6.6 nm at its narrow end. The internal channel is 6 nm in diameter at the wide end and 3.6 nm in diameter at the narrow end ( Figure 1CÀE ). The wider end (C-terminal) of the connector is located within the capsid, while the narrow end (N-terminal) partially protrudes out of the capsid. Recently, the connector channel has been incorporated into lipid bilayers to serve as a membrane-embedded nanopore with robust properties. This system has shown sensitive and unique conductance signatures when DNA or ions pass through the channel. 14, 15 The channel conductance was uniform, as demonstrated by a perfectly correlated linear response to applied voltage. The connector channel is stable under a wide range of solution conditions, including a pH range of 2 to 12 and different salt species and concentrations. 15 A oneway traffic property for dsDNA translocation from the N-terminal to the C-terminal with a KEYWORDS: nanotechnology . DNA packaging . nanomotor . bacteriophage phi29 . nanopore antibody . EpCAM . single molecule sensing ARTICLE valve mechanism for DNA packaging has also been observed. 16 The connector channel has shown three discrete steps, gating at higher trans-membrane potentials associated with conformational change in the channel subunits. 17 The availability of the crystal structure of this connector channel has enabled explicit engineering with atomic precision for added functionality. Recently, a reengineered connector channel with a reduced channel size has shown the capability to discriminate single-strand DNA or RNA from double strand. 18 By selectively functionalizing a probe in the interior of the channel, we can identify single chemicals with reactive thioesters or maleimide groups based on their distinct fingerprints. 19 Procedures for large-scale production and purification of the connector have already been developed. 14,20À24 Taken together, these features make the connector channel an ideal system for sensing and diagnostic applications. Nanopore-based sensory techniques have been extensively studied for the detection of a variety of biomacromolecules and chemicals based on modulations of the individual current blockage events.
25À30 Engineered transmembrane channels with various probes are capable of stochastic detection by observing (in real time) the individual binding events between single ligands and receptors with high selectivity and sensitivity. 31À33 The unique current signatures and characteristic binding can reveal the identity and concentration of the target analyte. 34, 35 Moreover, the dynamic interaction between the analyte and the probes can be studied in real-time at high resolution by using single channel conduction assays. One advantage of the single molecule techniques is the low limit of detection, which is ideal for the early detection of biomarkers that exist in ultra-low concentrations, making it possible to diagnose specific diseases at an earlier (i.e., asymptomatic) stage. In this study, we introduced an Epithelial Cell Adhesion Molecule peptide (EpCAM) that was 18 amino acids long as a probe into the C-terminal of each subunit ( Figure 1A,B) . EpCAM is a cell surface molecule known to be overexpressed by the majority of human 
RESULTS

Incorporation of the EpCAM
Peptide to the C-terminal End of the Connector. To facilitate connector purification, an N-terminal His tag was inserted just upstream of the gp-10 connector gene. An EpCAM peptide (18 amino acids in length) was inserted downstream of the gp-10 connector channel gene at the C-terminal end. To provide end flexibility, a linker with 6 glycines was included between the gp-10 connector and the Ep-CAM peptide probe ( Figure 1A,B) . The reengineered connectors were purified to homogeneity and run on an SDS-PAGE gel ( Figure 1F ) with wild-type and C-His tagged connectors as controls. The molecular weights of C-His tagged and N-His-C-EpCAM modified connector subunits were 36.7 and 40.6 kDa, respectively. After purification, the reengineered channels with the EpCAM probe assembled into a ring composed of 12 evenly spaced probes in the same plane within the dodecameric connector channel. In addition, we compared the conductance of EpCAM connector channels and C-his connector channels under the same buffer conditions. The similar conductance and histogram distribution that was noted indicates they have similar cross-sectional areas. The accessibility and specificity of EpCAM probes on the engineered connector was further verified by Western blot assays ( Figure 1G ). Compared with the controls (EpCAM peptide, C-His connector and bovine serum albumin [BSA]), the Ep-CAM antibody was observed to bind specifically to the EpCAM reengineered connector. The intensity of the band corresponding to EpCAM Ab/EpCAM connector complex increased as the amount of EpCAM engineered connector channel was increased from 0.15 to 1.2 μg ( Figure 1G) .
Characterization of the Membrane-Embedded EpCAM Reengineered Connector Channels. The EpCAM engineered connector channel was incorporated into planar lipid membranes in two steps, as previously described. 14 The first step was to incorporate the connector into liposomes, followed by insertion into planar lipid membranes via vesicle fusion of liposome/connector complexes, to form a membrane-embedded nanopore. 14, 15 The insertion of the EpCAM engineered connector channels generated a stepwise increase of the current, as shown in the continuous current trace ( Figure 2A ). The insertion of EpCAM probe at the C-terminus did not affect the membrane signal stability, voltage gating properties, membrane durability, or the membrane insertion efficiency of the connector channel. The current step size of the EpCAM engineered connector channels was homogeneous ( Figure 2C ), and the channels showed equal conductance under both positive and negative transmembrane voltages. The average current jump was 55 ( 6 pA (0.74 ( 0.09 nS) in 0.2 M NaCl, 1 mM HEPES, pH 7.4. Conductance was derived at specific, constant holding potentials (þ75 or À75 mV) after the phi29 connector channel was incorporated into a lipid membrane and was calculated as the ratio of the current jump induced by a discrete step to the applied voltage. Occasionally, two connector channels were observed to insert simultaneously, as demonstrated by a conductance of 1.43 ( 0.03 nS ( Figure 2C ). Under the same buffer Figure 3B ). The second class was the permanent binding events ( Figure 3C ), which represented tight binding between the EpCAM probe on the connector and the antibody. This second class was observed as discrete stepwise augmentation of current blockage. Both classes of blockage events resulted in ∼20 pA reduction in current, which corresponds to 36.8 ( 1.8% for transient events and 34.7 ( 2.6% for permanent binding events ( Figure 4A,B) . The current blockage was not caused by the translocation of antibody, because the molecular weight of antibody, about 150 kDa, was too large to pass through the connector channel (487 kDa). In addition, given the dimensions of an antibody (14.2 nm Â 8.5 nm Â 3.8 nm), 43 it is highly unlikely to translocate through the 3.6 nm connector channel. Another parameter to characterize the antibody and probe interaction is the dwell time (τ), which is the duration of a blockage event. The transient events, on average, had a dwell time of ∼30 ms, implying that the transient events are indeed caused by the temporary binding of the EpCAM antibody to the probe on the connector, rather than the unlikely event of translocation through the pore. The dwell time distribution can be used to determine the docking and undocking kinetics of antibody-probe interactions. The binding time of the antibody to the probe is defined as τ off , whereas the duration time between two consecutive blockage events is defined as τ on . 
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The association frequency increased linearly with antibody concentration ( Figure 5C ). The dissociation rate constant (k off ) was determined using the eq (1/τ s F off ) = k off . The dissociation frequency was independent of antibody concentration ( Figure 5D ). On the basis of the two rate constants, the equilibrium dissociation constant (K d ) was determined to be (6.7 ( 1.7) Â 10 À7 M.
Selectivity of the EpCAM Probe for EpCAM Antibody in the Presence of Serum and Protein Impurities.
In almost all clinical scenarios, a patient's sample will not be highly purified and, most likely, will consist of serum protein and other components (e.g., a blood sample). To investigate how the impurities in the sample affect EpCAM antibody detection and to further push nanopore sensing techniques into the realm of clinical disease diagnosis, we performed the following experiments: (1) EpCAM antibody in the presence of a high concentration of nonspecific antibody; and (2) EpCAM antibody in the presence of diluted serum sample ( Figure 6 ). As the concentration of nonspecific antibodies increased to 10 ng/ul, the current signal caused by nonspecific interaction between the antibody and probe or channel was noted, and the current blockage distribution was determined to be 28.8 ( 2.7%. Under the same buffer conditions containing a high concentration of nonspecific antibody, we increased the 
ARTICLE
EpCAM concentration to 4 ng/ul and noted another blockage peak, centered at 38.9 ( 2.3%. The position of this new blockage peak was consistent with the previous blockage distribution of EpCAM antibody using the same buffer without nonspecific antibody, indicating that this new blockage peak was caused by EpCAM interaction with the probe.
Serum sample is commonly used in clinical diagnosis. However, most diagnostic studies using nanopore techniques, particulally protein nanopore, have not been conducted in the presence of serum due to the fragile nature of the lipid bilayer, which greatly impedes the pace of applying the nanopore technique for clinical use. Here, we used 100-fold diluted serum with an electrolyte buffer that can maintain its stability for at least one hour. We first tested the noise level caused by impurity in the diluted sample in the presence of diluted serum only. The current blockage distribution was 30.4 ( 1.5%. As the concentration of EpCAM antibody increased to 4 ng/μL, a new blockage peak was noted centered on 37.4 ( 1.9%, which corresponds to the previous EpCAM antibody blockage distribution. This data demonstrates that phi29 nanopore channels are capable of detecting individual molecular species in a complex mixture and can discriminate the signal from background events that are present due to the serum component.
DISCUSSION
The first step for detection of proteins or small molecules is to capture the analyte and gather evidence, such as fingerprints. Many sensing, detection, and diagostic techniques, such as biotin/streptavidin interactions, and microarray-based technologies, have been well developed, but also have a disadvantage: it is not possible to detect a single substrate molecule, regardless of the strength of the antibody affinity. In addition, the background noise will override the specific signal from the antigen/antibody complex at very low concentrations. Recent nanopore studies have detected single protein molecules and distinguished them from the other molecules using engineered specific receptor. 44À46 Compared to conventional protein detection methods, nanopore-based technology has the advantage of label-free, real-time sensing of individual molecules and in the presence of contaminants, all at a relatively low cost. For the kinetic and thermodynamic studies of macromolecular interactions, nanopore offers several advantages over traditional methods, such as surface Plasmon resonance (SPR) and capillary electrophoresis (CE). For example, steric hindrance due to crowding of the binding sites occurs on the surface of an SPR chip, but does not occur in the nanopore setup. 47 Moreover, the molecular flow rate may interfere with the accuracy of the measurement in SPR and CE. For example, an analyte can rebind to the surface of a chip if the flow rate is too slow in SPR, and this can complicate the kinetic analysis. 47 EpCAM is a transmembrane glycoprotein, which is highly overexpressed on many cancers. Its ectodomains can be released at levels ranging from 2 to 78 ng/mL into sera of cancer patients. 48 Studies have shown that the expression of EpCAM depends on many factors, such as tumor type, disease stage, tumor microenvironment and host antitumor immunity. 49 In this study, we incorporated an EpCAM peptide into the phi29 connector channel. A linker with 6-glycines was included between the gp-10 connector and the EpCAM peptide probe to provide end flexibility. EpCAM antibody binding was then detected at nanomolar concentrations using single-channel conduction assays. The distinctive current signatures enabled us to analyze the docking and undocking kinetics of antibody-probe interactions and determine the K d . However, one critical problem limits the application of nanopores for kinetic studies of single molecules: it is time-consuming to study highaffinity interactions. For example, if the ligand remains bound to the receptor for several minutes, several hours may be needed to acquire enough unbinding events. In our study, we observed two classes of current blockage signals: permanent binding and transient binding. For transient blockage events, dwell time lasts tens of milliseconds, suggesting weak interactions between EpCAM antibody and the probe. Therefore, in the kinetic assessment, we based our analysis on the transient events data, which may account for the relatively high K d (10 À7 M) compared with the typical K d of EpCAMantibody interactions (10 À8 to 10 À11 M). Here, the modification on the C-terminal end of phi29 connector channel did not change the conductance and channel size compared with C-his connector channel ( Figure 2C) . The channel has a diameter of 3.6 nm at the narrow end (N-terminal) and 6 nm at the wide end (C-terminal). Our small peptide antigen was fused to the wide end (C-terminal). Fusing the small peptide antigen to the wide end did not change the conductance of the channel, since conductance is determined by the narrowest end, which was not affected by the C-terminal conjugation with a peptide that sticks out. Most recent research on applying nanopore techniques for sensing and detection has been performed under ideal conditions using only pure analytes in the presence of the detection system. However, in the majority of clinical samples, the trace analyte is always present in combination with a large proportion of impurities or in serum. To further test the detection capability of this engineered phi29 channel and push nanopore techniques for clinical utilization, we performed the EpCAM antibody detection in the presence of either high concentration nonspecific antibody or diluted serum. We showed that the EpCAM antibody can be distinguished from the background events ARTICLE present as either nonspecific antibody or serum components.
CONCLUSIONS
Our results demonstrate the feasibility of reengineering the phi29 connector channel for sensing probeÀantibody interactions in real-time using single channel conduction assays. The K d of EpCAM has been calculated from the docking and undocking kinetics of Ab-probe interactions. The signal of EpCAM antibody can be discriminated from the background events in the presence of nonspecific antibody or serum. Our novel findings will inspire future studies to construct more sophisticated connector sensor systems capable of recognizing multiple analytes from ions, small molecules, peptides and small proteins.
EXPERIMENTAL METHODS
Materials. The phospholipid 1,2-diphytanoyl-sn-glycerol-3-phosphocholine (DPhPC) was purchased from Avanti Polar Lipids, Inc. Organic solvents (n-decane and chloroform) were obtained from Fisher Scientific, Inc. and TEDIA, Inc., respectively. The EpCAM antibody was purchased from Abcam. All other reagents, if not specified, were purchased from SigmaAldrich, Inc.
Serum Sample Preparation. Male athymic NCr nude mice between 6 and 8 weeks of age were acquired from Taconic (Hudson, NY) and kept in an animal house with 12 h of light and dark cycles. Food and water was given ad libitum. Blood serum was collected from vena cava and allowed to clot for 30 min at room temperature. The clotted material was removed by centrifugation at 2000 rpm for 10 min in a refrigerated centrifuge. Hemolytic material was not observed. The sera obtained from the blood samples were frozen immediately without any further treatment in liquid nitrogen and stored at À80°C until further use.
Cloning and Purification of the Engineered EpCAM Phi29 Connector Protein. The construction of the plasmid containing the gp-10 gene and the expression and purification of the phi29 connector have been reported previously. 20, 22 The new plasmid was constructed first by introducing an EpCAM probe (ELKHKAREKPYDSKSLRT) to the C-terminal of the connector channel, just downstream of gp-10 gene; a His tag was inserted into the N-terminal for purification. The newly constructed clone was transformed into HMS174 (DE3) Escherichia coli bacteria. The successfully transformed bacteria were cultured in 10 mL LuriaÀBertani medium overnight at 37°C. These cultured bacteria were transferred to 500 mL of fresh LB medium. When OD 600 reached 0.5À0.6, 0.5 mM, IPTG was added to the cultured medium to induce protein expression. The bacteria were collected after 3 h, postcentrifugation induction. A French press was used to lyse the bacterial wall, and the protein and other components were differentiated by centrifugation.
An Ni-NTA His bind resin with a His tag was applied to purify the mutant protein. Briefly, 2 mL of regenerated His resin was packed into a column. The supernatant differentiated by centrifugation was loaded into the column. The column was then washed with washing buffer to remove any contaminant proteins. The His-tagged mutated gp10 protein was eluted using elution buffer that contained 500 mM imidazole.
Preparation of Lipid Vesicles Containing EpCAM Engineered Connector Channels. The incorporation of connectors into liposomes has been reported previously.
14 Briefly, 1 mL of 1 mg/mL DPhPC in chloroform was poured in a round-bottomed flask. The chloroform in DPhPC lipid was removed under vacuum. Then, the lipid film that formed was rehydrated with EpCAM engineered connector channel buffer, which contained 1 M NaCl, 10 mM Tris/pH7.9, and 250 mM sucrose to bud off vesicles into the solution. The unilammellar lipid vesicles were generated by passing the lipid solution through a 400 nm polycarbonate membrane filter.
Incorporation of the Connector Channel into a Planar Bilayer Lipid Membrane. The method of inserting the connector with reconstituted liposomes into a lipid bilayer has been reported previously.
14 Briefly, a Teflon film partition (aperture 200 μm in diameter) was used to separate a bilayer lipid membrane chamber (BLM) into cis and trans-compartments. The aperture was painted two times with 0.5 μL of 3% (w/v) DPhPC n-decane solution, and the two compartments were filled with conducting buffer (0.2 M NaCl, 1 mM HEPES, pH 7.4). After the formation of the lipid bilayer on the aperture, the lipid/connector complexes were added to the chamber and allowed to fuse with the planar lipid bilayer.
Single Channel Conduction Assays for Each Membrane Inserted Connector Channels. A pair of Ag/AgCl electrodes was connected directly into the cis and trans-compartments to measure the current traces across the lipid bilayer membrane. The current trace was recorded using an Axopatch 200B patch clamp amplifier coupled with the Axon DigiData 1322A analog-digital converter (Axon Instruments) or the BLM workstation (Warner Instruments). All voltages reported were those of the transcompartment. Data was low band-pass filtered at a frequency of 1 kHz, and acquired at a sampling frequency of 10À100 kHz. The Patch clamp 9.1 software (Axon Instruments) was used to collect the data, and the software Origin Pro 8.0 was used to analyze all the data.
All antibody binding experiments were conducted under 0.2 M NaCl, 1 mM HEPES, pH 7.4 buffer. EpCAM antibody was added only after the definite insertion of EpCAM engineered connector channels in the lipid bilayer membrane. For selectivity of the EpCAM connector channel study, mouse serum was diluted to 100-fold using the electrolyte buffer; 10 ng/μL of nonspecific antibody was premixed with the buffer. Then EpCAM antibody was added only after the addition of EpCAM engineered connector channels. The current traces were recorded over a period of 1 to 2 h, and all the experiments were repeated at least three times.
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